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Twists and turns of the nucleosome: tails without ends
Robert N Dutnall and V Ramakrishnan*
The high-resolution structure of a nucleosome core
particle gives us our first detailed look at the primary level
of eukaryotic DNA organization. The structure reveals the
nature of histone–DNA contacts and provides some
surprises regarding the histone tails and their possible
involvement in higher levels of chromatin organization.
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One of the most remarkable features of eukaryotes is the
orderly compaction of genomic DNA (which in a diploid
human cell measures over two metres in total length) into
a nucleus only a few microns in size. Significant progress
in understanding the packaging of DNA began in the
1960–70s with the development of the nucleosome
hypothesis. Several workers, using a variety of biochemi-
cal and biophysical techniques, including nuclease diges-
tion, chemical cross-linking and electron microscopy,
converged on the idea that the primary level of com-
paction was achieved by the organization of DNA into
compact, structural units later called nucleosomes. In each
nucleosome approximately one and a half turns of DNA
are wrapped around an octameric core of highly basic
proteins called histones [1]. At the time, some regarded
the notion that chromatin was organized into repeating
units that could potentially be crystallized as pure fantasy
(see discussion by van Holde [1]). However, not only is
the existence of the nucleosome now an established fact
but it is realized that it plays a much more important role
in nuclear organization than merely acting as a space saver.
Chromatin structure is intimately involved with the
regulation of replication and transcription: the cell has
elaborate machinery to remove nucleosomes that are
specifically located at promoters [2]; gene repression or
silencing involves specific interactions of proteins with
nucleosomes [3]; and acetylation of the core histones is
connected to both transcription and replication [4].
A long awaited structure
From the first model of the nucleosome, elucidation of its
structure has been gradual. Efforts began in the late 1970s
with X-ray and neutron diffraction studies and image
reconstruction of electron micrographs. Although spatial
resolution was low, these initial studies gave the first
tantalizing glimpses of the overall structure, revealing the
nucleosome to be disk-shaped with the DNA wrapped in
a left-handed superhelix on the outside of a histone core.
A major step towards a high-resolution structure was
achieved when crystals of nucleosome core particles were
studied. Nucleosome core particles can be isolated from
nuclease digests of bulk chromatin and have the advan-
tage that they contain a fixed length of DNA (146 base
pairs) [5]. These crystals resulted in a 7 Å resolution struc-
ture [6] that showed a non-uniform curvature of DNA in
the nucleosome and also gave more details of the organiza-
tion of the histone core.
The determination of the structure of the histone octamer
without DNA provided another landmark [7], because it
revealed for the first time that all four core histones shared
a common structural motif termed the ‘histone fold’ [8]
which has also been found in non-histone proteins such as
two TATA box-binding protein associated factors (TAFs)
[9]. This structure showed how the four core histones
(H2A, H2B, H3 and H4) were organized into the histone
octamer, confirmed the presence of a helical ramp for
DNA binding on the octamer surface, and suggested that
repeating motifs generated by the histone fold were
involved in contacts with the DNA [10].
The recent high-resolution structure of the nucleosome
core particle by Richmond and coworkers [11] is the cul-
mination of many years of effort, and provides our first
look at details of the organization of the nucleosome
(Figure 1). Several technical advances have been required
to break the resolution barrier. The first was the idea that
a nucleosome containing defined sequence DNA could
give significantly better diffracting crystals. This was first
shown by Richmond and coworkers using a sequence from
the 5S RNA gene of the sea urchin Lytechinus variegatus
that was known to position the histone octamer specifi-
cally [12]. In another important advance, Bunick and
coworkers showed that the use of a palindromic human
alpha satellite DNA sequence resulted in crystals of nucleo-
some core particles that diffracted to high resolution [13],
and essentially the same sequence (with a single base
change) was used for the structure determination by
Luger et al. [11]. Finally, the structure determination used
recombinant core histones, which ensured homogeneity
by eliminating post-translational modifications and also
allowed the insertion of cysteines for heavy-atom deriva-
tives. The latter turned out to be crucial for obtaining
high-resolution phases.
In addition to the wealth of detail, the structure both
confirms some previous ideas and reveals several inter-
esting surprises.
The structure of the DNA
The histone octamer by itself has exact twofold symmetry
[7], and the use of a 146 bp palindromic DNA sequence
[11,13] was an attempt to obtain nucleosome core particles
with exact twofold symmetry. Even before the structure
was determined, however, it was shown by mapping tech-
niques that the dyad of the nucleosome sits over a base pair
rather than between two base pairs [14]. The result is that
the structure has the dyad over position 73 of the DNA,
with two halves that are 72 bp and 73 bp long (Figure 1a).
The 146 bp of DNA in the nucleosome is by far the
largest piece of DNA crystallized and solved to date and
should yield a wealth of information about DNA struc-
tural parameters. Overall, the DNA has an approximate
42.5 Å radius, 26.5 Å superhelical pitch and 10.2 bp/turn
helical periodicity (Figures 1 b,c). The ends of the DNA,
however, make contact with the ends of the DNA from
neighbouring molecules to form pseudo-continuous
double helices, which results in about 10 bp of DNA at
each terminus being essentially straight. The structure
thus has 1.65 superhelical turns, which agrees well with
earlier measurements [15]. As the palindromic nature of
the DNA is not structurally related to a twofold axis, the
two halves of the DNA do differ in detail despite an
overall similarity.
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Figure 1
The structure of the nucleosome core particle. (a) The 146 bp
palindromic DNA sequence used in crystallization. The position of the
dyad (0) is indicated with the numbering of turns and lengths of the
two halves of DNA. The approximate positions of the histones with
respect to the DNA is shown by colored rectangles: H2A, yellow;
H2B, red; H3, blue; H4, green. DNA phosphates contacted by
histones are indicated by small circles in the same color code. The
colored bases indicate close proximity to an arginine residue inserted
into the minor groove (colored to show which histone the arginine
residue arises from). (b) View of the core particle down the DNA
superhelix axis. The DNA and histones are shown as ribbon traces
(colored as in part (a)). (c) View of the core particle perpendicular to
the DNA superhelix axis. (The figure was reproduced from [11] with
permission.)
The histone octamer within the nucleosome
The structure of the histone octamer within the nucleo-
some, and the interactions between the various histones,
appears to be very similar to that of the octamer by itself,
although the lack of availability of the octamer coordinates
precluded a comparison of its structure with and without
DNA. Each histone consists of a central histone-fold region
(Figure 2a) and forms a heterodimer with its partner by
extensive interactions in a ‘handshake motif’, creating a
crescent-shaped structure. Because the nucleosome core
particle structure was solved and refined to a higher reso-
lution than the octamer structure alone, more details of
the contacts between histone pairs are reported. Together
with earlier work on the octamer [7,8,10], this offers a
structural basis for understanding the specificity and sta-
bility of histone dimer and tetramer interactions.
Histone fold–DNA interactions
Within the nucleosome core, the histones are organized
such that two H2A–H2B dimers flank an H3–H4
tetramer. Each histone pair interacts with a stretch of
27–28 bp of DNA (Figures 2b,c). The H3–H4 tetramer
contacts the central turns of the DNA while the two
H2A–H2B dimers contact segments at each end of the
DNA. H3 also makes contacts near the DNA termini
(Figures 1a,b). Together the histone-fold regions of the
H3–H4 tetramer and the H2A–H2B dimers organize
about 121 bp of DNA. Additional DNA contacts are made
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Figure 2
Histone fold–DNA interactions. (a) Schematic
view of the secondary structure of the
histones (colored as in Figure 1) illustrating
the common central histone-fold region.
Helices are shown as rectangles and labeled
according to [11]. The regions involved in
DNA interactions are indicated by a solid
black line. Extensions beyond the histone fold
are also shown together with the unobserved
N-terminal tails (dashed lines). Interaction of
the histone-fold regions of the (b) H2A–H2B
dimer and (c) H3–H4 dimer with
approximately three turns of DNA. Secondary
structure is labeled as in part (a). Some
sidechains that contact the DNA are also
shown in stick representation. (Parts b and c
of the figure were reproduced from [11] with
permission.)
by structural elements outside of the histone fold regions
(Figure 2a). As would be expected for proteins that can
bind to a variety of DNA sequences, nearly all of the
interactions involve contacts with the phosphodiester
backbone. Luger et al. note five interesting features that
occur each time the DNA backbone faces the histone
octamer: helix dipole–phosphate interactions; mainchain
amide–phosphate contacts; insertion of an arginine into
the DNA minor groove ten out of the 14 times it faces
the octamer; extensive nonpolar contacts with deoxyri-
bose groups; and frequent contacts between basic and
hydroxyl sidechain groups and DNA phosphates. Finally,
Arg45 of H4 hydrogen bonds with the O2 of a thymidine
in what is the only base-specific interaction. It thus
appears that nucleosome phasing (the position of the
histone octamer with respect to DNA sequence) results
from the sequence-dependent bendability and structure
of the DNA rather than from histone–base interactions.
The much sought tails
The highly charged N-terminal tails of the histones have
been implicated in several important phenomena, such as
transcriptional regulation. Consequently their structure is
of considerable interest. These tails were not visible in the
histone octamer structure, and it was anticipated by many
that they would become ordered when bound to DNA. In
the nucleosome structure more of the tails are visible but a
large number of residues, including the majority of sites of
functionally important modification, remain disordered.
The tail regions that are visible appear to be extended
structures that interact with the DNA via the minor
groove (Figure 3). For example, the tails of H3 and H2B
pass through a channel created by the minor grooves of
adjacent gyres of the DNA superhelix. Residues 15–29 of
H4, which are involved in gene silencing, have been pro-
posed to form an α-helix [16]. However, for one of the two
H4 histones, electron density is visible for part of the tail
region (residues 16–26) and indicates an extended struc-
ture, while for the other H4 histone no density is visible
for these residues indicating that they are disordered. It
will be interesting to see how proteins such as the silenc-
ing factors SIR3 and SIR4, the repressor protein TUP1, or
modifying enzymes such as histone acetylases/deacety-
lases achieve specific interactions with the nucleosome.
Acetylation of lysine residues in the N termini of the
core histones has long been associated with transcription-
ally active chromatin. The view adopted by the chro-
matin community has been that the highly charged tails
interact strongly with DNA when not acetylated, whilst
acetylation frees them from this interaction and thus
exposes the DNA to transcription factors. The nucleo-
some core particle structure shows that the regions of
acetylation are not tightly bound to DNA, and moreover
they are disordered and accessible to other proteins, such
as acetylases, deacetylases and silencing regulators. This
observation would, therefore, seem to argue against such
a simplistic model.
So what is the function of the histone tails and how do
modifications exert their influence? It has been known
for some time that the tails of the core histones are
involved in forming the next level of chromatin organiza-
tion above the nucleosome, the 30 nm fibre [17]. In this
context, Luger et al. suggest the following possibility.
The H4 16–25 region, which includes the last of the four
acetylation sites at Lys16, makes multiple interactions
with acidic sidechains of H2A and H2B from an adjacent
nucleosome in the crystal. They report that a similar inter-
action could occur between adjacent nucleosomes in the
solenoidal model for the 30 nm fibre [18], so acetylation
may be involved in disruption of higher order structure
rather than the nucleosome itself. In vitro studies,
however, show that binding of the transcription factor
TFIIIA to chromatin is affected by acetylation [19] even
in mononucleosomes, so the situation may be more
complex. Perhaps acetylation plays an early role by relax-
ing higher order chromatin structure, thereby providing
access to transcription factors and the large multiprotein
nucleosome remodelling complexes such as SWI/SNF,
nucleosome remodelling factor (NURF) or chromatin-
accessibility complex (CHRAC) [20].
Histone acetylation could also act as a flag for other pro-
teins involved in transcription or replication, in a manner
similar to phosphorylation in signal transduction. Thus
the effects of acetylation could be mediated by specific
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Figure 3
Space-filling representation of the core particle highlighting the
locations of the histone tails. Histones are colored as in Figure 1 and
the DNA is shown in white. The view is similar to that shown in
Figure 1c although rotated by 90°. (The figure was reproduced from
[11] with permission.)
proteins that can recognize either the acetylated or
deacetylated forms of histones, and need not involve
structural changes in the histone tails or the nucleosome.
Future prospects
The high-resolution structure of the nucleosome core parti-
cle has taken our understanding of chromatin to a quali-
tatively different level and will provide a structural
foundation for understanding the many biological phenom-
ena that involve nucleosomes. Future structural work on
chromatin will address even more difficult questions. How
variable are the structures of nucleosomes containing differ-
ent DNA sequences, and what is the basis of nucleosome
positioning signals, especially translational ones? How does
the linker histone H1 interact with the nucleosome and
how are nucleosomes organized in the 30 nm filament?
These issues have been the subject of much debate for
many years. The techniques developed to solve the nucleo-
some core particle are likely to help the elucidation of an
eventual structure of the chromatosome (the nucleosome
core particle with an additional 20 bp of DNA and the
linker histone) or even larger complexes, perhaps involving
non-histone proteins that interact with chromatin. In the
meantime, the structure of the nucleosome core particle by
Luger et al. is destined to become a classic reference.
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